Programming the synthetic reaction chemistry, stable blue emitting Cu(I) or Ag(I) doped Al(III) co-doped ZnS(Al,Cu:ZnS or Al,Ag:ZnS) semiconductor nanocrystals are designed. Further, the photo-stability of the obtained intense blue-violet emission is studied, and the effects of doping/co-doping are correlated. Finally, it has been revealed that the strong binding surface ligand 1-dodacanethiol and Al(III) co-doping play pivotal role for achieving such a stable blue emitting doped nanocrystals.
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The ideal hosts for achieving such emission are the semiconductor nanocrystals with wide band gap such as ZnS, ZnSe etc. However, emission from these nanocrystals is strongly interfered with the generation of surface states which act as the competitive channel for the carrier relaxation that in turn quenches the dopant emission. 5 Further, doping induces additional dopant states, 1 and makes the recombination process more complicated for these nanocrystals. Hence, to obtain the high energy pure dopant emission, the formation of the unwanted surface states should be restricted or to be removed. To achieve this, both the synthetic as well as the interface chemistry are to be 
Nanocrystals
The Al,Cu:ZnS nanocrystals are synthesized following the modified method of our report. 3a In a typical experiment, 0.1 mmol ZnSt 2 , 0.1 mmol Al-oleate (1 ml from the stock, electronic supporting information, ESI), 5 ml octadecene, 0.5 ml trioctylphosphine and 1 ml 1-dodecanethiol were loaded in a 100 ml round bottom flask and 
Result and discussion
For ZnS host, the major problem remains with its poor quantum confinement. To obtain tunable emission, the size of the host nanocrystals needs to be tuned and hence a proper control of the crystals growth is essential. Again, in ideal case of doping, relatively larger size host is required to compensate the dopant induced defects in the host lattice and hence doping in the smaller ZnS host nanocrystals is expected to be practically difficult. This is even more complicated when multiple dopants are introduced in single host nanocrystal. However, we have overcome these issues by programming the chemistry of synthesis and selecting appropriate surface ligands to restrict the size, minimize the ions are chosen to obtain the tunable blue-violet emission. Fig. 1a shows a representative UV-visible and photoluminescence (PL) spectra of Al,Cu:ZnS nanocrystals, which exhibit the emission at far lower energy than the band edge absorption. Fig. 1b presents the digital image of the illuminated nanocrystals under UV excitation. These doped nanocrystals are synthesized following the modification of our previously reported protocol for ZnS. 3a Here, additionally, 1-dodecanethiol and tri-octylphosphine (TOP)
ligands are introduced along with 1-octadecylamine in the reaction system to control the crystal growth and particle size. The dopant Cu(I) or Ag(I) is introduced during the growth of the nanocrystals, and Al(III) ion is introduced at the beginning during the ZnS formation. Fig. 2a and 2b show the successive PL spectra of Al,Cu:ZnS and Al,Ag: ZnS Page 6 of 18 Nanoscale 7 respectively, collected at different time interval from a typical reaction. Both these doped nanocrystals show the tunable emission in blue-violet window. Fig. 2c and 2d Fig   S1 . Further, we have analyzed the crystal phase for both sets of nanocrystals which has found to be zinc blende. The particles size is mostly tuned within 3-4 nm (Fig. 3) . Energy dispersive X-ray analysis (EDX) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) show the presence of both Al and Cu (or Ag) in respective doped nanocrystals (Fig. S2 , and table S1and S2 in ESI). Further, it is reported that the 1-dodecanethiol ligand also helps in reducing the reactivity of the Cu-precursor which in turn effectively controls the efficiency of doping. (without Al(III)) and Al(III) co-doped nanocrystals. On the other hand, when the reaction is carried out in absence of thiol, the dopant emission is photo-bleached within few minutes of air exposure (Fig. 4) . This suggests that thiol mostly stabilizes the emission Page 10 of 18 Nanoscale Nanoscale Accepted Manuscript 11 under ambient condition even without Al(III) ion. However, the emission position with or without Al(III) as co-dopant remains identical. This further suggests that the photorecombination process mostly follow similar to that of Cu doped nanocrystals which are widely reported in several hosts.
1c,1e,6,7 But, to understand more about the effect of codoping we have further studied the photo-oxidation process under irradiation for both thiol capped doped nanocrystals with or without co-dopant. Next, to understand this unique behavior of the co-doping we further investigate we have recently shown that thiol ligands at the interface can introduce a ZnS atomic layer, and intensifies the dopant emission under irradiation. [7] But, here in the case of ZnS, a surface layer of sulfide does not have significant impact to protect the emission as the material itself is ZnS, and the surface cleaning as well as the reducing character of thiol are not enough to stop the surface oxidation during continuous irradiation. Hence, the case here is different than that of the ZnSe. Rather, the co-dopant trivalent Al(III) ion helps in protecting the emission. This suggests that the hole excess or anion vacancy induced in the lattice by substitution of Zn(II) with Cu(I) or Ag(I) is compensated by the presence of trivalent ion, and that actually resist the propagation of surface oxidation for a particular time frame and hence, initially, the co-doped nanocrystals show photobrightening which is assumed to be due to surface cleaning by thiol ligand.
The above assumption is further supported with the results obtained from the irradiation of these co-doped nanocrystals under inert atmosphere. In absence of air, the thiol ligands capped Cu or Ag doped nanocrystals (without Al) show photo-brightening to a certain extent rather than the photo-darkening. This clearly suggests that both the 
Conclusion
In summary, we address here few practical and fundamental issues related to Al(III) codoping in the Cu or Ag doped high band gap ZnS semiconductor nanocrystals and obtain intense stable high energy emission. The wide blue-violet window tunability has been achieved by proper chemical and synthetic strategy manipulation. The doping has been carried out with slow growth over long time of annealing with proper choice of capping ligands and co-dopant. Finally, one of the technologically important high energy emitting with wide stokes shift nontoxic nanomaterials has been achieved. In addition, the photophysical aspects of the dopant emission and the effect of co-doping on the emission intensity and stability are investigated.
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